Reliably quantifying therapy-induced leukoencephalopathy is a challenging task due to the similarity between its MR properties and those of normal tissues. Multispectral MR images were analyzed for 15 children treated for acute lymphoblastic leukemia. Three different analysis techniques were compared to examine improvements in the segmentation accuracy of leukoencephalopathy versus manual tracings by two experienced observers. The original technique used a white matter mask based on the segmentation of the first serial examination of each patient and no a priori information. The modified techniques combine spatially normalized a priori maps as input and a gradient magnitude threshold. The second technique used a 2D threshold, while the third algorithm utilized a 3D threshold. MR images were segmented with a Kohonen self-organizing map for all three algorithms. Kappa values were compared for the three techniques to each observer and statistically significant improvements were seen between the original and third algorithms (Observer 1: 0.651, 0.744, P = 0.015; Observer 2: 0.603, 0.699, P = 0.024). More accurate and reliable quantification reduces the amount of variance in MR measures and facilitates clinical trials to determine the clinical significance of leukoencephalopathy in this vulnerable population.
that is identified by hyperintense signal in T 2 -weighted MR imaging after therapy. The clinical significance of the development of transient leukoencephalopathy is not fully understood and needs to be examined.
While quantitative assessment tools have been developed for other populations, most studies using MRI to examine patients with ALL have thus far reported only qualitative assessments of leukoencephalopathy on a subjective grading scale as mild, moderate, or severe (1) (2) (3) (4) . This subjective scale precluded comparison of therapy-induced leukoencephalopathy between institutions or trials. A methodology for quantitatively assessing leukoencephalopathy in ALL patients has been recently reported and will be the basis for the current work (5) .
The MR imaging characteristics of leukoencephalopathy are similar to other diseases or processes that cause WM hyperintensities, such as multiple sclerosis (MS) and aging. Several modifications to existing techniques have been recently reported for quantitative analyses of such WM hyperintensities. Region growing techniques with a variety of automated and semiautomated stopping criteria have been utilized (6) (7) (8) . These techniques are limited due to the degree of local intensity contrast necessary between the lesion and the surrounding tissues, being based on a single imaging type, and the requirement of subjective selection of each lesion on every slice of the imaging set, requiring a much higher level of operator expertise. A modelbased method has been utilized with multispectral data to identify lesions in MS patients (6) . This technique makes assumptions about the model and variance that is possible in the model. Several other groups have recently reported modifications to the k-nearest neighbor technique to improve lesion identification and localization in MS and geriatric populations (9) (10) (11) . The k-nearest neighbor technique is extremely sensitive to intensity inhomogeneities and relies on either assumptions of intensity distributions or subjective samples to define the distributions. The work by Wei et al. (9) found that the addition of template-driven segmentation to the expectation-maximization segmentation and partial volume effect correction algorithms significantly improved the accuracy and reliability of WM signal abnormality measures.
Encouraged by the success of Wei et al., the present study examined the possibility of improving the methodology reported previously for quantitatively assessing leukoencephalopathy in ALL patients (5) . The method used a semiautomated hybrid neural network segmentation and classification method based on a Kohonen self-organizing map (SOM) with T 1 , T 2 , proton density (PD), and fluid attenuated inversion recovery (FLAIR)-weighted images limited by a WM mask identified from the first examination of each patient. In the current study, a priori probability maps were added to better define the WM and limit errors caused by the inclusion of normal cerebrospinal fluid (CSF) or gray matter (GM) following changes in ventricular size. A gradient magnitude threshold was then incorporated into the segmentation to limit hyperintense artifacts on FLAIR images from influencing the segmentation. First a 2D gradient magnitude threshold was utilized, followed by further improvements from a 3D gradient magnitude threshold technique. Two experienced observers manually segmented the leukoencephalopathy in the study cases to establish a baseline for comparison. The purpose of this study was to improve quantitative MR imaging measures that identify therapy-induced leukoencephalopathy, or other similar WM hyperintensities, for use in longitudinal imaging studies.
PATIENTS AND METHODS

Patient Population
The method for quantitative assessment of subtle therapy-induced leukoencephalopathy was designed and tested in patients treated for ALL with regimens containing HD-MTX. The 15 patients included in this study were a subset of participants receiving treatment for ALL on an institutional protocol (12) . Patients underwent a chemotherapy regimen that included seven courses of HDMTX with targeted systemic exposure to eliminate individual differences caused by variability in clearance (13) . Patients underwent a clinical imaging protocol after informed consent had been obtained from the patient, parent, or guardian, as appropriate. MRI examinations were performed according to the protocol after the first, fourth, and seventh course of HDMTX as well as at the end of therapy. The 15 examinations used in this study occurred after the seventh course of HDMTX and were randomly selected from examinations read as having leukoencephalopathy by a neuroradiologist. The 15 children ranged in age from 3.8-18.7 (median 8.1) years at the time of the examination.
MR Imaging
Leukoencephalopathy is best visualized with a T 2 -weighted sequence, preferably with CSF attenuated. The imaging protocol was designed to simultaneously yield raw images for the segmentation procedures and images necessary for the clinical evaluation of the patients. All MRI examinations were performed without contrast agent on a 1.5 T Vision (Siemens Medical Systems, Iselin, NJ) whole-body imager with a standard circular polarized volume head coil. To minimize variability, a localizer sequence was used to determine the position of the patient in the coil. A set of T 1 -weighted sagittal images was collected as part of the diagnostic examination. The midline sagittal image was used to define an oblique transverseimaging plane that was used on all subsequent sequences. The tilt of this oblique plane was defined by the most inferior extent of the genu and the splenium of the corpus callosum on the midline sagittal image. All images were 3-mm-thick contiguous slices acquired as two interleaved sets of 19 and 18 slices with a 3-mm gap to avoid cross-talk between slice excitations. T 1 -weighted images were acquired with a multiecho inversion recovery imaging sequence (repetition time between spin excitations [TR], 8000 ms; echo time [TE], 20 ms; time between inversion and the excitation pulse [TI], 300 ms; one acquisition; seven echoes). PD-and T 2 -weighted images were acquired simultaneously with a dual spin-echo sequence (TR/TE1/TE2 = 3500/17/102 ms; one acquisition). FLAIR images were acquired with a multiecho inversion recovery sequence (TR/TE/TI = 9000/119/2470 ms; one acquisition; seven echoes).
Manual Validation
Manually segmented leukoencephalopathy maps were used to assess the performance of the three segmentation algorithms. Two experienced observers manually segmented all leukoencephalopathy visualized on the T 2 and FLAIR-weighted images of the 15 patients at a single pre-determined slice position blinded to patient identity. The edges of the leukoencephalopathy were identified using the pencil tool in Adobe PhotoShop (San Jose, CA). The eraser and paint bucket tools were then used to fill all pixels to be segmented as leukoencephalopathy in the manually segmented images. After a delay of several weeks, both observers repeated all 15 segmentations to determine the intraobserver agreement. Intersubject agreement was also examined before comparing the three segmentation algorithms. All validation was completed on a pixel-by-pixel basis between the two segmentation algorithms under comparison.
Preprocessing
Registration methods developed by Ostuni et al. (14) were used to register all MR imaging sets within an individual examination. In addition to registering different imaging sets obtained during the same examination, images obtained during subsequent examinations of each patient were also registered to the baseline images, which facilitated the longitudinal assessment of tissue changes regardless of slight variations in head tilt between examinations. After registration, a technique to correct for RF inhomogeneities in the imaging sets was performed using a modified renormalization transformation and a local contrast ratio measure to optimize the filtering band (15) . This approach has shown the ability to eliminate most of the bias field from the MR images while limiting the amount of distortion to the anatomical information in the clinical images.
Improvements to the Leukoencephalopathy Segmentation Algorithm
The original work to segment leukoencephalopathy was described previously (5), but additional use of this algorithm has revealed limitations. In review, the registered and RF corrected T 1 , T 2 , PD, and FLAIR-weighted images served as inputs to the semiautomated hybrid neural network segmentation and classification method (5) . This segmentation procedure used a Kohonen SOM (16, 17) . The segmentation was limited to the WM mask identified from the first examination of each patient. Using the segmented WM was considered to be acceptable because the first examinations were assumed to be normal and served as the reference examination for all registration.
One of the problems with the original technique resulted from the WM mask being dependent on the segmentation of the first serial MR examination. To address this limitation, the International Consortium for Brain Mapping (ICBM) atlas (18) and corresponding a priori maps were spatially normalized to each patient and resliced using Statistical Parametric Mapping 99 (SPM99) software (Wellcome Department of Cognitive Neurology, Institute of Neurology, Queen Square London, UK) (19) . For both modified algorithms, WM masks were automatically generated by thresholding for pixels with >30% probability WM, <30% probability GM, and <10% probability CSF. This effectively eliminates any pixels outside the most probable regions of WM for consideration as leukoencephalopathy. A combined imaging set consisting of T 1 , T 2 , PD, and FLAIR MR images and WM, GM, and CSF a priori maps (Fig. 1) were then analyzed with an adaptation of the original segmentation algorithm (5).
A second limitation of the original work was a high number of false-positives that corresponded to imaging artifacts inherent in the imaging protocol. A gradient vector magnitude calculated for a given neighborhood on the FLAIR images (Eq. [1] ) was used to formulate a: [1] threshold to exclude pixels most likely to be image artifacts. For the second algorithm examined, the neighborhood was calculated from a 2D 5 × 5 neighborhood surrounding each pixel in the image stack. The threshold value was automatically determined once for each examination from the descriptive statistics of the gradient magnitude for the index slice, shown in other populations to be capable of representing the full cerebral volume (20) . The threshold value was computed by adding the average gradient magnitude value to the standard deviation and excluding pixels above this sum. The third segmentation algorithm attempted to address problems with imaging artifacts that were partial volumed across the slices. The gradient magnitude in this algorithm was computed for a 3D kernel that only sub sampled a 7 × 7 neighborhood in three image slices. The kernel (Fig. 2) was designed to balance the input from the inferior and superior slices with the in-plane contribution without introducing weighting factors for each pixel in the neighborhood.
The three algorithms described comprised only the initial portion of the quantitative analysis procedure for the images. After this initial segmentation was completed, the segmented maps were then manually classified to identify the regions with WM hyperintensities corresponding to leukoencephalopathy. A second pass through the segmentation algorithm with only the T 1 , T 2 , PD, and FLAIR-weighted images was not limited to the WM mask, so all tissues in each slice were segmented. The leukoencephalopathy mask that was produced from the first segmentation pass was used to exclude abnormal pixels from the analysis of the normalappearing regions of the brain. After classification of the normal structures, the leukoencephalopathy mask was overlaid for the final pseudocolor output representing both normal and abnormal tissues.
Statistical Analyses
The similarity comparisons between the various segmented images were assessed using Kappa statistics. Since the tissue of interest was normal-appearing WM and leukoencephalopathy, an independent segmentation was used to mask these structures in the comparison process. While the accuracy of this mask was not evaluated, the same mask was used in all comparisons to ensure that the exact same pixels were evaluated for each. To assess the intraobserver agreement of the manual segmentation from each observer, Kappa scores were calculated between the first and second segmentations for each of the 15 subjects and averaged for each of the two observers. The interobserver agreement was examined by comparing the first segmentation performed by each observer. These results were also reported as the average of the 15 individual Kappa scores. Comparisons between the three semiautomated segmentation procedures were completed by comparing each output to the first manual segmentation of each observer and averaging the 15 individual Kappa scores for each technique. Standard deviations were also reported for each average Kappa value. Student's paired t-tests for means were performed between the Kappa scores of the second and third algorithms and the original technique. Two-tailed probability tests of significance (alpha = 0.05) were used.
RESULTS
Manual Validation
The manual validation was examined before comparing the various semiautomated segmentation algorithms. Both observers were able to complete the manual segmentations with good intraobserver agreement. The Kappa score was 0.806 in Observer 1 and 0.828 in Observer 2. The two observers also had good interobserver agreement as well, with a Kappa score of 0.758. With these acceptable results, the comparisons between the semiautomated techniques could be compared to the manual segmentations of both observers, then use this measure of agreement to compare between the semiautomated techniques.
Segmentation of Leukoencephalopathy
The results of the three semiautomated segmentation algorithms were compared visually and statistically. As expected, the addition of each new procedure improved the segmentation results. The segmented maps for the three segmentation algorithms (Fig. 3) show the improvement from the original technique to the final technique with the spatially normalized a priori maps and the 3D gradient magnitude threshold. The two primary problems with the first technique result from imaging artifacts and the WM mask. These problems produce falsepositives at the edge of the ventricles and along the GM/WM interface and can allow falsenegatives in the center of the WM. The second technique shows improvements in these areas, but errors remain in partial volumed regions such as the top of the ventricles. The final segmentation shows a reasonable estimation of the leukoencephalopathy with the fewest errors. The average Kappa scores (Table 1) and their SDs also support these conclusions. The paired t-tests (Table 1) demonstrate that the improvements in the second technique reduce the variance in the Kappa scores, but are not statistically different form the original technique. The third technique does produce statistically significant improvements over the original technique. Additionally, scatterplots (Fig. 4) show the absolute single slice volume of the leukoencephalopathy for each subject and the original and third techniques to demonstrate the significant improvements with the modifications to the algorithm.
DISCUSSION
Reliably quantifying therapy-induced leukoencephalopathy in children treated for cancer is a challenging task due to its range of intensity change, delineation from the normal-appearing WM, and similar properties to imaging artifacts and normal tissues outside of WM. Leukoencephalopathy can vary from subtle diffuse changes with nearly identical MR properties and locations with unmyelinated WM to focal lesions with signal intensities near that of CSF. Unsaturated CSF and flow artifacts found on FLAIR and T 2 -weighted imaging can have similar properties to leukoencephalopathy. This study sought to improve a quantitative methodology for segmenting therapy-induced leukoencephalopathy (5) by developing new technologies to address the observed limitations of this previous technique. Assessment of the methodologies was facilitated by comparisons of each technique to manual segmentations performed by two experienced observers. While the new WM mask and 2D gradient magnitude threshold improved the results, the best results were seen when the gradient magnitude threshold was modified to 3D.
With the initial technique, the idea of using two passes to segment the leukoencephalopathy and normal tissues was established because of the overlap between leukoencephalopathy and normal tissues outside of WM (5). Any segmentation errors for leukoencephalopathy occur in this initial pass, and that process was the focus of this study. The first systematic source of error from the original leukoencephalopathy segmentation technique was the WM mask. Originally, the first examination was assumed to be normal, but this was not always the case for all examinations on the protocol. Also, having the WM mask dependent on the segmentation from the first examination does not allow for normal developmental or treatment related changes to be considered. The age at diagnosis in the total population was as low as 1.8 years on this protocol, a time when major structural changes are still occurring. One significant treatment-related effect is the change in the size of the ventricles, producing significant effects in the locations of the entire GM/WM interface.
The next error from the original leukoencephalopathy segmentation technique was the problem with imaging artifacts. While the FLAIR images provide better visualization of abnormal tissue, flow artifacts and unsaturated CSF at the edge of the ventricles produce hyperintensities that often result in false-positive leukoencephalopathy pixels. The goal of the gradient magnitude threshold was to identify hyperintense regions in a narrow band, similar to these hyperintense regions along the edge of the ventricles. The threshold was derived from a region with a large CSF component, theoretically providing a good measure of the amount of these FLAIR artifacts, and the observed results support the idea that an appropriate threshold was reached with this technique. The remaining problem of the second technique lies with partial volumed regions such as at the top of the ventricles. This type of error is not visualized as well with the example in Fig. 3 , but the problem seems to occur to some extent in all slices, as the edges of the GM/WM interface also appear improved with the final segmentation algorithm.
As with any study, there are several potential limitations of the present study. While there were three separate algorithms developed, the search to reach these three algorithms was not inclusive. Therefore, the best results achieved with the 3D gradient magnitude threshold with the spatially normalized a priori maps may not be the optimal solution. A possible error source using the new algorithms is the selection of an adult ICBM atlas. While studies have reported errors in using adult atlases in pediatric cases (21) , the threshold values that were empirically determined to create the WM mask may correct some of the issues with this problem. Another potential concern with this newly proposed algorithm lies with the algorithm to perform the spatial normalization. Misalignment of the a priori maps could translate into misclassifications. The spatial normalization utilized in this study was performed with SPM99 software, and our preliminary studies indicate that the Statistical Parametric Mapping 2 (SPM2) software update to SPM99 may improve the results. As with any image processing technique utilizing a registration-based technique, this error must be minimized to ensure quality data and quantitative results.
In conclusion, this study describes a novel approach for improving the quantitative assessment of therapy-induced leukoencephalopathy. This semiautomated assessment of MR images reduces the errors associated with WM masks from a previous examination and reduces the misclassifications associated with some imaging artifacts. The clinical significance of therapyinduced leukoencephalopathy for long-term survivors is unknown. However, when combined with individualized pharmacokinetic studies and longitudinal neurocognitive testing, this MR method could substantially advance the understanding of leukoencephalopathy and its impact on the quality of life of survivors of ALL. The current results represent data from a preliminary study to address the specific limitations identified in the previous segmentation algorithm. The improved technique is currently being applied in an ongoing clinical trial to assess leukoencephalopathy in an ALL population. The results of this study will be incorporated into the design of future protocols. Our ultimate goal is to use this method to quantify early therapyinduced neurotoxicity, which is potentially reversible through adjustment of therapy or through individually tailored neurobehavioral and pharmacological interventions.
FIG. 1.
Example of the input images used in all three segmentation algorithms. The MR images are shown on the top row and from left to right correspond to the T 1 , T 2 , PD, and FLAIR-weighted images acquired for all subjects on the institutional protocol. The a priori maps spatially normalized to the patient's MR examination are shown on the bottom row. From left to right, the white matter, gray matter, and cerebrospinal fluid a priori maps are shown that were used to generate the white matter mask and served as additional input to the second and third leukoencephalopathy segmentation algorithms.
FIG. 2.
Schematic of the 3D kernel used in the third leukoencephalopathy algorithm. The pixel shown in gray is the reference pixel for which the gradient magnitude value is determined, while the pixels represented as black identify the neighbors used in the calculation of the gradient magnitude value. The center group of pixels represents the in-plane component of the kernel, while the left and right represent pixels in the MR slices superior and inferior to the reference pixel, respectively.
FIG. 3.
Example output from the three segmentation algorithms. The first two images on the left are the manual segmentations overlaid on FLAIR image corresponding to the MR slice that was segmented. The first image on the left is from Observer 1 and the second is from Observer 2. The remaining three images correspond to the three segmentation algorithms. The center image is the output from the original leukoencephalopathy segmentation algorithm without a priori information or a gradient magnitude threshold. The second from the right is the second leukoencephalopathy segmentation output showing the improvements utilizing the a priori maps and a 2D gradient magnitude threshold. On the right, the improvements provided by the 3D gradient magnitude threshold are shown in the output from the third segmentation algorithm.
FIG. 4.
Scatterplots of the volume of leukoencephalopathy from the manual and automated segmentation algorithms. The horizontal axes represent the volume of the manual segmentation for the single slice used in each of the 15 subjects reported in cubic centimeters. The graph on the top shows volumes from the manual segmentation of Observer 1 while the results from Observer 2 are shown on the bottom. Both vertical axes represent the corresponding singleslice volume from the original and third segmentation algorithms in cubic centimeters. The original technique volumes are shown by empty squares and the third technique is represented by filled squares. The dotted line represents the line of equality between the manual and automated techniques. Table 1 Average Kappa scores with standard deviations between the semi-automated segmentation algorithms and the manual segmentations 
